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Periarteriolar stroma cells guide T cells from the red to the

white pulp in the spleen

Chang H. Kim@®'*?® and Qingyang Liu'*?

While both the spleen and lymph nodes are called secondary lymphoid tissues, how lymphocytes enter these tissues are quite
different from each other. This is because the architecture of the two types of organs and the mode of lymphocyte migration into
these organs are quite distinct. In the spleen, T cells are passively released in the blood flow from the arterioles in the red pulp and
marginal zone area. In contrast, T cells in the blood are actively captured on high endothelial venules in lymph nodes by the
coordinated actions of CCR7 and several adhesion molecules. A recent finding indicates that T cells, released in the red pulp and
marginal zone areas, actively find their way to the white zone by utilizing the migration track created by periarteriolar stromal cells.
This finding adds one more piece to our understanding of lymphocyte migration for effective adaptive immune responses in the

spleen.
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Immune cells passively enter the spleen via arterioles. Naive and
central memory T cells migrate from the red pulp to the white pulp
by following chemotactic gradients. Once they reach the T zone of
the white pulp, they search for dendritic cells that can potentially
present cognate antigens originating from blood. It has been a
mystery as to how exactly T cells in the red pulp reach the T zones
in the white pulp. Chauveau et al. reported that T cells that migrate
out of the arterioles in the red pulp and marginal zone (MZ) move
to the white pulp under the guidance of the chemotactic and
adhesion signals created by the periarteriolar stroma cells." Thus,
T cells undergo directional migration from the red to the white
pulp through a route created by specialized stromal cells.

The spleen has multiple functions. It functions as a blood filter
by removing particulates and pathogens and recycling old red
blood cells in the red pulp. It is also a site of extramedullary
hematopoiesis, as it harbors hematopoietic progenitor cells and
produces myeloid cells in the red pulp2 It is also a site where
adaptive immune responses, which are mediated by T and B cells,
occur in the white pulp, and, in this regard, is similar to the T and
B cell zones in lymph nodes (LNs) and Peyer’s patches.” Moreover,
it is a site of antibody production by B cells in the MZ and red
pulp. A major difference between the spleen and LNs is that the
spleen does not have high endothelial cells (HEVs), which are
specialized cuboid endothelial cells involved in lymphocyte
trafficking from blood into the T cell zone of LNs. Instead, the
lymphocytes enter the spleen via arterioles that branch out from
the splenic artery. Splenic arterioles end at B cell follicles, MZs, or
red pulp and therefore can deliver blood fluid and its content
(antigens and/or cells) to these areas but not to T zones. Chauveau
et al. visualized the route of released T cells migrating from the
blood into the T zones of the white pulp.

The T and B zones in secondary lymphoid tissues are created by
distinct stromal cells that produce specific chemotactic and

retention signals.* CCR7-activating chemokines, such as CCL19
and CCL21, are expressed in the T zone, whereas the CXCR5-
activating chemokine CXCL13 (also called BLC) is expressed in the
B zone. CXCL12 (also called SDF-1), which activates CXCR4 and
CXCR7, is expressed in the red pulp, MZ, and dark zone of
germinal centers (GCs).>® HEVs are present in the T zone of LNs,
where they capture circulating naive and central memory T cells in
the blood circulation. These T cells express CD62L, CCR7, and basic
integrins such as LFA1 to enter lymphoid tissues through HEVs.
The chemokine CCL21 (also called SLC) is highly expressed by
HEVs and activates CCR7,” which, as a G-protein-coupled receptor,
triggers integrin activation on T cells to firmly adhere to HEVs.
HEVs also express peripheral node addressin in peripheral LNs or
mucosal addressin (MAACAM-1) in mesenteric LNs to loosely
capture blood lymphocytes, which occurs via a process referred to
as the “rolling” of lymphocytes, on HEVs prior to CCR7 activation
and firm adhesion.® Adhered T cells on HEVs undergo extravasa-
tion to enter LNs through HEVs and then undergo CCR7-mediated
interstitial migration along CCL19 and CCL21 gradients to finally
localize to T zones.’

Unlike T cell migration into LNs, lymphocyte entrance into the
spleen does not require specific trafficking receptors, such as CCR7
and CD62L. This is because cells and particles in the blood
are nonspecifically unloaded into the blood from the arterioles of
the spleen. Thus, this passive process is quite different from the
active process utilized for lymphocyte entrance into LNs. Once
they are released into the red pulp, CCR7-expressing T cells
migrate on a migration track created by perivascular stromal cells
around red pulp arterioles to reach the T zone' (Fig. 1). The
authors refer to these as “perivascular T-tracks.” Chauveau et al.
used intravital two-photon laser-scanning microscopy to image
the migration of fluorescent T cells in live mice. They also used
photoconvertible green fluorescent protein (GFP)-expressing
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Fig. 1 T cell trafficking into the spleen versus the lymph nodes. The spleen is largely composed of red and white pulp. T and B cells are

concentrated in the white pulp, while blood particulates and red blood cells are filtered in the red pulp. Between the red and white pulp,
marginal zones (MZs) are present and contain MZ B cells and macrophages to allow rapid antibody and phagocytic responses, respectively.
T cells passively enter the spleen through arterioles in the red pulp and the MZ. Around the arterioles, perivascular stroma cells are present
(depicted in green), forming a unidirectional migration track to T zones (TZ) in the white pulp. These cells express CCL19 and CCL21, which
chemotactically guide T cells to enter the TZ through MZ bridging channels. The red pulp migration track is connected to white pulp TZ
stromal cells. These T cell migration tracks allow the prompt localization of T cells passively released from the blood, promoting the efficient
interaction of T cells with dendritic cells in the T cell area. This is in contrast to the HEV-mediated active entrance of T cells into the TZ of
lymph nodes. What is not known is where T cells, once they are localized to the T zone, emigrate to go back to the blood circulation.
Sphingosine 1-phosphate (S1P) levels are high in blood plasma and marginal sinuses, and lymphocyte exit from the spleen is regulated by
S1P-dependent chemotaxis. Whether B cell entrance into follicles (F) utilizes the same routes remains to be determined. Arrows indicate the

direction of blood or plasma flows (white), T cell migration (black), or lymphatic drainage (gray)

T cells to track cell migration from the red to the white pulp. This
migration is dependent on CCR7-mediated chemotaxis and
involves integrin (LFA-1 and VLA-4)-mediated adhesion. However,
CCR7 and integrins are not required for T cells to enter the track
before migration. However, cell adhesion to the track is inhibited
by pertussis toxin; therefore, G-protein coupled signaling is still
required for T cells to find the track.' The whole migration track
from the red pulp to the T zone is actually composed of two
separate domains, one is which is created by the red pulp
perivascular stroma cells traveling through MZ bridging channels,
while the other is created by the T zone stroma cells. Both types of
stromal cells express CCL19 and CCL21, which chemotactically
guide T cell migration to the T zone." The expression of these
chemokines is rapidly downregulated in an inflammatory condi-
tion induced by lipopolysaccharide injection (which models
inflammatory or infection conditions)." Therefore, the red-to-
white pulp migration track seems to be active mainly in the steady
state but not during immune responses. This is consistent upon
considering that the T zone architecture and T cell recruitment are
greatly altered during immune and inflammatory responses,
which can block the entrance of T cells in the blood into T zones
during active immune responses.

A remaining question is how can naive and central memory
T cells in T zones migrate back into the blood circulation? An early
study reported that T cells appear to move into the central area of
the periarteriolar lymphoid sheath (PALS) before returning to the
blood.'® While this indicates that the PALS may function as an exit
route, this has not been demonstrated. Another possible route is
through the MZ. This appears to be true for effector T cells, which
downregulated CCR7 but upregulated nonlymphoid tissue-
homing receptors such as CXCR3."" This allows effector T cells
to be localized to the MZ and to possibly be drained to the
vascular sinusoids in the red pulp and eventually to the spleen
vein. It is likely that some T cells that do not express CCR7 may use
this route to exit the spleen. Activated T cells highly express CD69,
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which downregulates sphingosine 1-phosphate (S1P) receptor 1
expression.'> As they become resting cells, T cells downregulate
CD69 but upregulate S1P1, leading to increased chemotaxis in
response to S1P during emigration. The MZ has high levels of S1P,
which induces lymphocyte egress.'® This pathway is also utilized
in the LNs and thymus by lymphocytes exiting to the blood.
However, the route of exit for naive and central memory CD4"
T cells in the white pulp to the blood circulation remains to be
identified. T cell activation in the T zone, which is mainly directed
by dendritic cells, generates effector T cells. It is unclear whether
there is a specialized exit route for these T cells in the white pulp
or, more specifically, in the T zone, where the S1P-dependent exit
may occur.

In terms of B cells, while it has been proposed that B cells may
enter through arterioles in the red pulp and MZ of the spleen, it
remains unknown how they enter the follicles in the spleen. B cells
have the potential to utilize the same tracks as T cells because
they express CCR7 before they further localize to B follicles via
CXCR5-mediated chemotaxis. T cells and follicular dendritic cells in
GCs also express CXCL13 to form B follicles and to expand GCs
during B cell activation."”®™"” Moreover, CXCL12 is more highly
expressed in the dark zone than in the light zone of GCs, which is
to segregate B cells at distinct stages of differentiation following B
cell receptor activation. CXCL12 is also expressed in the red pulp
and leads to the retainment of plasma B cells.® In LNs, B cells along
with T cells enter through HEVs, localize to follicles, and exit via
efferent lymphatic vessels. B follicles are divided into low-oxysterol
inner and high-oxysterol outer areas.'® Activated B cells express
EBI2, the receptor for oxysterol, and follow the oxysterol signal to
localize to the outer follicles, which makes it easier for activated
B cells to interact with follicular T cells.

The migration track in the red pulp identified by Chauveau
et al." would allow efficient migration of T cells to T zones in the
white pulp. Directional migration via the newly discovered
perivascular track is far more efficient than random chemotaxis
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in the 3D environment, which does not rely on such a track. This
migration strategy would increase the efficiency of antigen
detection and presentation for robust T cell activation in the
spleen. This track may be utilized by other cell types, such as
B cells and dendritic cells, which should be validated.
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